A model biofilm consisting of Pseudomonas aeruginosa, Pseudomonas fluorescens, and Kiebsiella pneumoniae was developed to study the relationships between structural heterogeneity and hydrodynamics. Local fluid velocity in the biofilm system was measured by a noninvasive method of particle image velocimetry, using confocal scanning laser microscopy. Velocity profiles were measured in conduit and porous medium reactors in the presence and absence of biofilm. Liquid flow was observed within biofilm channels; simultaneous imaging of the biofilm allowed the liquid velocity to be related to the physical structure of the biofilm.
The hydrodynamics of aqueous environments have a significant influence on biofilm development and activity and are in turn influenced by biofilms in various industrial and natural systems (3) . In a conduit, such as a heat exchanger or water distribution pipe, biofilm accumulation can influence the hydrodynamics of the system and can have important implications for heat, mass, and momentum transfer (1, 2) . Biofilm accumulation in porous media is utilized for bioremediation in which hydrodynamics influence the mass transport of contaminants and, therefore, biotransformation rates (4, 5, 10) . To understand and predict the influence of biofilm accumulation on the hydrodynamics of systems (and vice versa), it is important to be able to measure liquid flow velocity in biofilm systems (13) .
Until recently, most conceptual and mathematical models described a biofilm as a uniform layer in which molecular diffusion is the only mass transport process within and out of the biofilm; liquid flow was thought to be important only outside the biofilm (8, 9, 14, 17, 22, 24) . Drury et al. indirectly observed that latex particles were transported into a biofilm and concluded that these particles were able to diffuse in through water-filled pores (7) .
Development of the confocal scanning laser microscope allowed more detailed examinations of live biofilms under flow conditions, which revealed a heterogeneous structure consisting of cell clusters separated by channels (6) . We hypothesized that these channels may allow liquid flow inside biofilms. In this study we developed a defined mixed-population biofilm that had sufficient thickness and structural heterogeneity to allow measurement of internal liquid velocity. Much of the previous biofilm research has been conducted with either undefined mixed cultures or pure cultures; however, there are limitations to both strategies (21) . Undefined mixed-culture biofilms yield results that are difficult to interpret (and to reproduce), and pure-culture biofilms do not represent the heterogeneity inherent in natural biofilms.
Only Particle image velocimetry is a technique that to our knowledge has not been applied to biofilm systems but has been used successfully in a number of other fields (16, 20, 23) . This technique is simple and noninvasive and allows simultaneous imaging of physical structure. Particle tracking of fluorescent latex beads with a confocal scanning laser microscope provides a powerful technique for measuring liquid velocity because (i) the scanning of the laser illuminates tracer particles so that velocity can be determined, (ii) the optical sectioning capability allows velocity profile measurements in the z axis, and (iii) the procedure permits microscopic imaging of the biofilm so that velocity can be related to biofilm structure.
It was the goal of this work to visualize and measure liquid flow velocity in a biofilm system (both inside and outside the biofilm) on a microscopic scale by using fluorescent particle tracking. Inoculum selection. An undefined mixed-population biofilm that was being utilized for other experiments was found to possess the heterogeneous structure desired for this work (12) . A sample of this biofilm was scraped off, homogenized, and injected into the conduit reactor. The reactor was operated as described above. After 4 days the biofilm consisted of cell clusters (discrete aggregates of bacterial cells in an exopolysaccharide matrix) that were separated by open channels (6) . Three cell clusters (diameter, 200 to 300 iim) were selectively removed by suction with a micropipette (tip diameter, 10 pLm) attached to a syringe. The micropipette was positioned in the reactor as described for microelectrodes in a previous study (6) . The Images of slowly moving particles were captured by using a 20x objective and a scan speed of 3.1087 s per frame, and images of faster particles were captured by using a 1OX objective and a scan speed of 1.0585 s per frame. Particles that moved extremely slowly through the biofilm were tracked by examining frames at regular intervals; from these frames the distance travelled and, therefore, the velocity could be calculated. The focal depths of the 1Ox and 20x objectives at the working confocal aperture setting used were found experimentally to be 31 and 15 p.m, respectively. The three brightest tracks obtained at each focal plane were used to calculate particle velocity; since the brightest fluorescence occurred at the center of each optical section, this strategy should have optimized the correlation of velocity with depth. The working distances (and, therefore, the penetrative distances into the reactor) were 10.5 mm for the 1Ox objective and 4.5 mm for the 20x objective.
The velocity profiles were used to calculate the wall shear stress (Tr) with the equation T, = 9(du/dy)w, where -is the absolute viscosity and (du/dy), is the velocity gradient at the wall (15, 18) . calculated by averaging the velocities obtained from profiles determined at both walls of the reactor.
Conduit reactor with biofilm. Local velocities were measured over a depth of 700 ,um from the bulk fluid to the substratum in a channel in a biofilm system with a u(ave) of 0.066 m s-1 (Fig. 2) . The biofilm-to-void ratio over the field of view (445 by 297 ,um) was 0.46 at the substratum and decreased to 0 at a depth of 175 ,um (the thickest parts of the biofilm were 175 ,um).
Local liquid flow as it related to biofilm structure was studied more carefully at a depth of 70 ,um in the biofilm. Particles were observed flowing through channels around and sometimes over cell clusters (as shown by leaving and returning to the focal plane) with velocities on the order of 10 to 20 ,um s-1 (Fig. 3) . The particles accelerated when they passed through constrictions in the channels.
After 5 days the three species in the original inoculum were recovered from the biofilm in nearly equal numbers (K pneumoniae, 5.0 x 107 CFU/cm2; P. fluorescens, 2.5 x 107 CFU/cm2; P. aeruginosa, 7.5 x 107 CFU/cm2).
Porous medium reactor with biofilm. Particle tracks were clearly evident between glass beads to a depth of 250 ,um (approximately the radius of the beads). Below this depth the beads interfered with the incident and fluorescent light by reflection and refraction. However, it was possible to focus to a depth of 1 mm through pores between beads.
An image of particles flowing through a constriction between two beads was chosen for further analysis (Fig. 4) . A biofilm that was about 30 ,um thick had accumulated on the surface of the glass beads. A larger accumulation of biofilm (thickness, 100 ,um) on one of the beads further narrowed the channel. Velocity contours were constructed from the calculated velocity at the location of each track. The contour plot was then used to construct velocity profiles at the throat of the channel and 150 ,um upstream and downstream (the entrance and exit areas, respectively) (Fig. 5) . The profiles were generally parabolic, but there was some deviation due to channel irregularity caused by the biofilm. The maximum flow velocity of the entrance profile was about 4. The observed wall shear stresses were calculated from the velocity profiles and compared with the theoretical values predicted from hydrodynamic equations describing flow in smooth pipes: T, = fPU(ave)722 where p is the water density (in kilograms per cubic meter) and f is the friction factor (0.0791/ Re 0 5) (15, 18) . A strong correlation (r2 = 0.96) was found between the observed and theoretical values. This indicates that the velocity measurements accurately described liquid flow and could be used to determine various hydrodynamic parameters.
To estimate the correlation between velocity and depth, a linear regression analysis was used to compare the velocities measured with the 1Ox and 20x objectives at average flow velocities of 0.026, 0.066, and 0.090 m s-1 to a depth of 1.29 mm. The data revealed that there was no difference between the values obtained with the two objectives even though the depth of field of the 1Ox objective was twice that of the 20X objective. This indicated that the assumption that the brightest particle tracks were at the center of the optical plane was valid.
The range and limitations of velocity measurements are essentially governed by the optics of the system used and the scanning rate of the laser. There is essentially no lower limit for velocity determinations because images can be made at any appropriate interval and later superimposed for track analysis. At higher velocities the magnification can be decreased to increase the area of the field. Assuming that at least three dashes are required to establish a track, a 5 x objective would allow measurement of velocities up to about 50 cm s-'.
However, there is reduced resolution when less powerful objectives are used. The power of the objective also determines the working distance, which, combined with the optical clarity of the specimen, dictates the depth of optical penetration. It is important that the particles be neutrally buoyant to minimize sedimentation effects. Chemical and electrostatic interactions between the particles close to solid material may also interfere with measurements.
Only the velocity of particles moving across the focal plane can be measured. Particles moving obliquely through the focal plane at low angles leave dashes having increasing or decreasing separation intervals. This gives the same appearance as an accelerating or decelerating particle, and care must be taken in interpretation. Particles moving at greater angles through the plane leave a single dash, and tracking is not possible.
Velocity profile measurements in the z axis are limited by the optical transparency of the specimen. This was a constraint in the porous medium reactor because of light reflection and refraction by overlying beads when we attempted to observe at focal depths greater than one sphere radius. This problem can be overcome by selecting bulk liquids and porous medium materials that have the same refractive index, as described by Saleh et al. (20) .
Conduit reactor with biofilm. Liquid flow was observed in channels within the biofilm, and the velocity of this flow could be related to physical parameters, such as local structure and biofilm-to-void ratio. The path of liquid flow in the channels was directed by the shape of the channels. We observed that liquid flowed around and over cell clusters, sometimes against the current of the bulk flow. The measured velocity profile had two regions, one within the biofilm and the other outside the biofilm (Fig. 2) . The velocity gradually increased from the base to the top of the film. The gradient then became much steeper, and the profile was the same as that obtained in a sterile reactor.
The observation there is complex liquid flow in biofilm channels has profound consequences for understanding biofilm processes. A biofilm should no longer be considered a simple layered structure in which molecular diffusion is the only internal mass transport process. Bacterial cells at the cluster-bulk fluid interface deep in the biofilm may be more active than previously expected because nutrient transport into and within the biofilm (via the channels) is not necessarily diffusion limited. However, it is possible that the activity of cells within a cluster is limited by the diffusion resistance of the cluster matrix to nutrient transport. There are also important implications for administration of biocide treatments. Although a biocide may be quickly detected at the base of a film in killing concentrations, it should not be assumed that the biocide is distributed equally throughout the biofilm. The concentration in the clusters may be much lower, providing protective pockets for biofilm cells from which regrowth can occur. Liquid flow within the biofilm should also be taken into consideration when workers describe and interpret biofilm kinetics and the role of biofilms on such processes as fouling, corrosion, and bioremediation.
Porous medium reactor with biofilm. The parabolic nature of the velocity profiles obtained from liquid flowing through porous medium channels indicated that flow was laminar (Fig.  4 and 5) . Constrictions in the channels were caused by the curvature of the beads, and the channels were narrowed further by the accumulation of biofilm. The liquid accelerated as the channel width decreased (the maximum velocity occurred at the throat), and it then decelerated as the channel opened up. Accompanying the acceleration was an increase in wall shear stress, which was 5 to 10 times the wall shear stress upstream and downstream. Stagnant areas, visible from the flow lines and evident in the profiles as irregularities in the parabolic curves, were observed in pore channels plugged by biofilm.
As biofilm accumulates in a porous medium, it is evident that it can have a significant effect on local flow velocities and shear stresses; some channels may be completely blocked, while some are only partially constricted, forming nozzles. Also, liquid flow within biofilm channels adds further complexity to the modelling of flow and biofilm activity in a colonized porous medium. The biofilm itself, in addition to altering the primary porosity, may add a secondary porosity to the system. Model biofilm. Finally, the three-species biofilm consisting of P. aeruginosa, K pneumoniae, and P. fluorescens was found to be useful for studying the relationships between biofilm heterogeneity and hydrodynamics because it formed a reproducible stable structure consisting of cell clusters and channels.
This biofilm also has potential for studying the effects of hydrodynamics and mass transport on ecology. For example, when the biofilm is oxygen limited because of high nutrient loading, K pneumoniae is expected to be the dominant species because it is facultatively aerobic, whereas P. aeruginosa and P.
fluorescens are obligately aerobic in the absence of nitrate.
